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Abstract
Depending on their type, supernova remnants may have ejecta material with high abundance of
heavy elements such as carbon or oxygen. In addition, core-collapse supernovae explode in the
wind material of their progenitor star that may also have a high abundance of heavy elements.
Hadronic collisions in these enriched media spawn the production of gamma rays, neutrinos, and
secondary electrons with spectra that cannot be scaled from those calculated for pp collisions,
potentially leading to erroneous results. We used Monte-Carlo event generators to calculate the
differential production rate of secondary particles such as gamma rays, neutrinos, and secondary
electrons for H, He, C, and O nuclei as projectiles and as target material. The cross sections and
the multiplicity spectra are separately computed for each of the 16 combinations of projectile
and target. We describe characteristic effects of heavy nuclei in the shape and normalization of
the spectra of secondary particles.
Keywords: Cosmic rays, Gamma rays, Abundances, Supernova remnants
95.85.Pw, 95.85.Ry, 98.35.Bd, 98.38.Mz
1. Introduction
The composition of cosmic rays reflects the interactions they undergo during their propagation
through the interstellar medium. It is also shaped by the particles abundance at their acceleration
sites in the Galaxy. The flux of secondary cosmic rays, i.e. those that are primarily produced by
spallation reactions during the propagation of highly energetic particles, can be used to determine
their propagation history in our Galaxy and hence infer their source composition (Jo´hannesson
et al., 2016). It was noted more than a decade ago (Binns et al., 2007), that the isotopic ratios in
Galactic cosmic rays at a few hundred MeV/nuc are consistent with a source composition con-
sisting of 20% Wolf-Rayet material (Prantzos et al., 1987; Maeder and Meynet, 1993) mixed with
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80% solar-system material. The Wolf-Rayet material is predominantly found in large superbub-
bles (Higdon et al., 1998), and it is therefore tempting to attribute a fair fraction of the Galactic
cosmic-ray production to superbubbles (Higdon and Lingenfelter, 2005), where the large number
of shocks may collectively accelerate plasma particles to very high energy (Bykov and Toptygin,
2001; Parizot et al., 2004).
Massive stars (≥ 8 M) are characterized by their evolving surface and wind properties. These
stellar objects can ultimately evolve through the so-called Wolf-Rayet phase characterized by a
high mass-loss rate (∼ 10−5 M yr−1) and a high terminal wind velocity (Langer, 2012). This hap-
pens after a sequence of various consecutive evolutionary stages, whose complexity is a function
of the zero-age-main-sequence mass – that of a forming high-mass stellar object when the core
has reached the molecular-hydrogen dissociation temperature and the surface begins to develop a
supersonic wind –, its rotational properties and/or its chemical composition (see e.g. Brott et al.,
2011; Ekstro¨m et al., 2012; Sze´csi et al., 2015). The composition of the corresponding winds
reflects the distribution of heavy material produced by nuclear fusion in the stellar core and trans-
ported by convection to the upper radiative layer of the star (Sze´csi et al., 2015). The interaction
of stellar winds of massive stars with the ambient interstellar medium leads to the formation of
wind nebulae, whose morphology depends on the properties of the stellar and ambient medium,
forming, e.g., spherical wind bubbles around stars at rest (Weaver et al., 1977) and bow shocks
around runaway stars (Wilkin, 1996).
Therefore, such enriched material is naturally found in the circumstellar nebulae generated
during the evolved phase of massive stars (Mackey et al., 2012, 2014). An example is the bow-
shock nebula observed around the runaway red supergiant IRC-10414 discovered by N[II] line-
emission excess (Gvaramadze et al., 2014; Meyer et al., 2014a). It is also found in the ejecta of
core-collapse supernovae (Chieffi and Limongi, 2013; Vink, 2017), although the uncertainties in
the yields are large. A particular puzzle of cosmic-ray acceleration in enriched media is the recent
detection of 60Fe at 500 MeV/nuc (Binns et al., 2016). This unstable isotope is preferentially
produced in supernovae and not abundant in winds. Its detection indicates that within less than a
few million years after production in the supernova the particles were accelerated and transported
to Earth.
Particle acceleration likely arises by diffusive shock acceleration (Blandford and Eichler,
1987). The forward shock of core-collapse supernova remnants will first propagate through the
wind of the last evolution stage of the progenitor star and then consecutively reach circumstellar
regions composed of the wind material of the previous phases such as the red supergiant and the
main-sequence phase. The main-sequence wind has roughly solar abundance (Brott et al., 2011)
while winds of evolved phases are denser and often enriched in heavy elements. Wolf-Rayet
winds exhibit both dense, rapidly-expelled stellar winds and a high chemical enrichment in C, N
or O. Eventually, the forward shock will reach the ambient medium that is of solar composition
for isolated Galactic supernovae (Asplund et al., 2009) and may be enriched in super-bubbles
spawned by many (massive) stellar objects (Weaver et al., 1977; El-Badry et al., 2019, and ref-
erences therein). The forward shock would be rather slow at that time, but may still accelerate
a large number of particles up to the energy band in which the composition of cosmic rays is
measured.
The reverse shock propagates through supernova ejecta and can accelerate particles, albeit only
for a limited period of time (Telezhinsky et al., 2012, 2013) and with poorly defined efficiency
on account of the weak magnetic field (Ellison et al., 2005). The various evolutionary phases of
the progenitor star imply substantial variation in the properties of the winds (Langer, 2012), and
so one must expect a complex structure of the wind zone, in particular if the progenitor moved
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(Meyer et al., 2014b), is very massive (Meyer et al., 2020) and/or if the interstellar medium is
highly magnetized (Meyer et al., 2017), leading to asymmetric supernova remnants (Borkowski
et al., 1992; Meyer et al., 2015; van Marle et al., 2015). Whenever the supernova shock hits
a discontinuity in the circumstellar medium, it splits into a transmitted and a reflected shock,
and so many shocks will roam the ejecta, the wind zone, and the interstellar medium beyond
(Dwarkadas, 2007). Quite a few of them will be weak because they propagate in hot gas, but
they may still contribute to GeV-band cosmic rays.
The enrichment of material in OB associations and the wind zone of the progenitors of core-
collapse supernovae affects the composition of both the cosmic rays accelerated in the system
and the target material for inelastic nucleus-nucleus collisions. Hadronic interactions in such
enriched media would produce secondary particles, whose spectra can significantly differ, both in
shape and normalization, from the spectra produced in the pp collisions (e.g. Kamae et al., 2005;
Kelner et al., 2006; Norbury, 2009; Kafexhiu et al., 2014) that dominate secondary production
in the interstellar medium, because the multiplicity spectra of secondary particles are different
(Huang et al., 2007; Huang and Pohl, 2008). Simple enhancement factors apply only far from any
spectral structure like the pion bump or spectral cut-offs (Mori, 2009). Secondary particles like
pions, but also (Σ±, Σ0), (K±, K0), and η particles decay into radiation products such as gamma
rays and neutrinos. Their spectra thus potentially allow the measurement of the composition of
cosmic rays inside their sources, as well as that of the ambient material. Therefore, it is important
to have a precise quantitative description of the spectral characteristics of their production as
function of the elemental composition of the energetic particles and the cold target gas.
In this work, we use Monte-Carlo event generators, namely DPMJET-III (Roesler et al., 2001)
and UrQMD (Bass et al., 1998; Bleicher et al., 1999) to calculate inelastic cross sections and dif-
ferential production rates of final-state secondary particles produced in nuclei collisions, using
hydrogen (H), helium (He), carbon (C), and oxygen (O) both as projectiles and as target mate-
rial. The results of these simulations are used then to calculate the gamma-ray emission from
supernova remnants (SNRs) using the particle acceleration code RATPaC (Telezhinsky et al.,
2012, 2013; Brose et al., 2016). We consider SNRs evolving in different environments created
by stellar winds of progenitor stars featuring different composition and discuss the impact of
heavy nuclei on the resulting gamma-ray spectra.
2. Calculation of production of secondary particles
In particle physics, the Monte Carlo simulation approach is widely applied to obtain infor-
mation on particle production in hadronic interactions. The principle advantage of the so-called
event generators is that distributions for all secondary products are obtained simultaneously and
self-consistently, conserving quantities like energy, baryon number, and strangeness. For as-
trophysical applications it is expedient to precompute the yield of secondary particles and their
decay products for a given type and energy of the colliding hadrons.
Following Huang et al. (2007); Huang and Pohl (2008), we use the recently updated event
generator DPMJET-III-19.11 (Roesler et al., 2001; Fedynitch, 2015) to calculate the inelastic
cross section, σ j, and the multiplicity matrices, Mi, j, for gamma rays, neutrinos, and secondary
electrons and positrons. We separately consider H, He, C, and O nuclei as projectiles and as
targets, leading to 16 combinations that can be arbitrarily combined to represent a wide range
1https://github.com/afedynitch/DPMJet
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of abundances for cosmic rays and the ambient medium. We follow the decay chain of unstable
secondaries down to the final, stable products. Since the cosmic-ray propagation time is higher
than the life time of neutrons, we also follow the decay of neutrons. As stable particles we
consider p, e±, γ, νe, ν¯e, νµ, ν¯µ, for which we produce multiplicity matrices. The dominant
source of gamma rays is the decay of neutral pions, while most high-energy neutrinos and e± are
produced in the decay channel pi± to µ± and µ± to e±.
The spectral production rate of particle species f produced in collisions of projectile particles
of type s with cold target nuclei of type T can be defined as
Q f ,s,T (E) =
dn f
dt dE dV
= nT
∫
dECR NCR,s (ECR) cβCRσs,T (ECR)
(
dn f
dE
)
s,T
. (1)
Here NCR,s is the differential density of the cosmic-ray species in question, ECR the total energy
per cosmic-ray nucleon, E is the energy of the secondary, nT is the number density of the target
nuclei of interest, σ is the inelastic cross section, and dn f /dE is the multiplicity spectrum of the
secondary particle f .
For a binned cosmic-ray spectrum and a binned spectral production rate, the integral in equa-
tion 1 simplifies to a matrix operation that projects a vector, the cosmic-ray spectrum, onto an-
other vector, the spectral production rate of the secondaries. The production integral can be
rewritten as
Qf,s,T (Ei) = nT
∑
j
∆E jNCR,s
(
E j
)
cβ jσs,T
(
E j
) (dn f
dEi
(
Ei, E j
))
s,T
= nT
∑
j
∆E jNCR,s
(
E j
)
cβ jσs,T
(
E j
)
Mi, j, f ,s,T ,
(2)
where Mi, j, f ,s,T is a matrix, or array, that carries the full information of secondary production
through all relevant channels. It can be very efficiently applied to arbitrary cosmic-ray spectra at
the expense of a pre-defined binning of particle energy.
We use a log-spaced grid for the total cosmic-ray energy per nucleon, ECR, subdividing a range
from the pion-production threshold (1.24 GeV) up to 100 PeV into 374 bins with central energy
E j = 1.24 ∗ 1.05 j GeVnucleon , j = 0, . . . , 373 . (3)
The grid for secondary particles covers the range from 10 MeV up to 100 PeV subdivided into
200 bins with central energy
Ei = 0.01 · 1.121376(i+0.5) GeV, i = 0, . . . , 200 . (4)
In sources with very high UV/X-ray photon density a cosmic ray in the PeV band or at higher
energy can produce gamma rays, neutrinos, and secondary electrons through p-γ interactions
(e.g. Gao et al., 2017). These processes are not considered here.
At energies below a few GeV/nucleon, nuclear effects such as Fermi motion and binding
energies become relevant, rendering several high-energy approximations in DPMJET invalid.
The Glauber model (Shmakov et al., 1988), which is at the basis of heavy-ion simulations with
DPMJET, has to be replaced with a model that tracks the motion of the individual nucleons.
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In collisions involving nuclei, secondary pions and heavier mesons are created off a single or
multiple bound nucleons. Because multiple nucleons can fragment and produce pions, particle
yields in proton-nucleus collisions are asymmetric with significantly more particles produced in
the direction of the nucleus when viewed in the center of mass frame. At the same time, nu-
clear medium effects can strongly modify particle yields (Barr et al., 2007). If mesons hadronize
within the nuclear volume, they can interact with the surrounding nucleons, initiate intranuclear
cascades, leading to tertiary emission and to nuclear excitation. In this case, mesons may be ab-
sorbed inside the nucleus by processes like pi−+p+p→ n+p resulting in a significant suppression
of particle yields compared to the proton-proton case. Also, the pion production threshold can
move to lower energies and smear out due to the Fermi motion of nucleons with a characteristic
energy 〈EF〉 ∼ 50 MeV. For a fixed total energy of the nucleus, each interacting nucleon pair will
have slightly different initial-state kinematics leading to a less sharp pion production threshold
that moves to lower energies per nucleon since the motion vectors of colliding nucleons can be
oriented toward each other. On amplitude level, the nuclear medium affects the sharpness of
the pion production threshold due to the widening of nucleonic resonances. The fact that half
of the projectile nucleons are neutrons changes the e+/e− and the ν/ν¯ ratio since due to isospin
symmetry the production of pi+ off protons is equal to that of pi− off neutrons.
We employ the UrQMD 3.4 code (Bass et al., 1998) at low energies by linearly interpolat-
ing the multiplicity spectra of secondaries between DPMJET and UrQMD between 6 and 13
GeV/nucleon projectile energy. UrQMD performs a more sophisticated simulation of the ki-
netic motion of nucleons and should therefore be more reliable for the reproduction of the effects
mentioned above.
The decay of secondary particles into stable final particles, for example gamma rays, neutrinos,
and antiparticles, can be analytically followed with standard methods (Jones, 1963) or handled
internally in each of the Monte-Carlo codes. The latter substantially improves the accuracy of
the spectra, as the method of Jones relies on double integrals for each decay, which can introduce
substantial errors for binned spectra. We verified that internal handling gives essentially the same
result as the a posteriori calculation for very fine binning and let DPMJET-III and UrQMD com-
pute all decays. We also allow for a sufficiently high number of collisions to keep the statistical
uncertainty of simulations below 1%.
Both DPMJET-III and UrQMD have been extensively tested with accelerator data, where
available. Of particular interest for this paper are the p-C collision studies at moderate projectile
energy conducted with the HARP experiment. The measured double-differential pion-production
cross section for proton-carbon collisions is well reproduced by the event generators, at least in
the region of the astrophysically relevant bulk of the distribution (HARP Collaboration et al.,
2008). The model modifications of the current DPMJET-III-19.1 compared to the version used
for the HARP paper are minor, at least for the present application, and the comparison is still
valid.
2.1. The inelastic cross section
For the same mass density, heavy elements have a much lower number density than, e.g.,
protons. The inelastic cross section is typically much larger though, and often the cross section
is simply scaled as power of the mass number, A (∝ A0.7 or similar). Figure 1 displays the
inelastic cross section for combinations of hydrogen and carbon nuclei as function of the total
energy per nucleon of the projectile, ECR. Also shown in the figure are literature values for
the inelastic cross section (Aksinenko et al., 1980; Antchev et al., 2013; Terashima et al., 2014;
Aaboud et al., 2016a,b; Tanabashi et al., 2018; Antchev et al., 2019) that are generally in good
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Figure 1: Inelastic cross section as function of the total energy per nucleon of the projectile. C-H stands for carbon
projectiles on a hydrogen target, and likewise for C-C and H-H. The cross section of the C-H and H-C collisions is the
same. Scaling is applied as noted in the figure to ease visual inspection of the energy dependence. Also shown as error
bars are measurement data taken from the literature.
agreement with the simulated cross section. Other species combinations show a qualitatively
similar behavior.
We find that there is no simple scaling with mass number. At 10 GeV/nucleon the cross-
section ratio for C-H and H-H collisions is A0.82, but that between C-C and C-H is only A0.51. We
also observe a significantly weaker energy dependence of the cross section for heavy collision
partners than for light ones since nuclear cross sections in the Glauber model are strongly related
to the nuclear geometry and less on the nucleonic interaction probability.
3. General spectral characteristics of secondary particles
3.1. Gamma-rays
The characteristic turnover of the gamma-ray spectrum near a GeV is often used to identify a
hadronic origin of the emission from SNRs such as W44 and IC443 (Ackermann et al., 2013).
Likewise, the cut-off in the gamma-ray spectrum can be used to infer whether or not a certain
SNR is a PeVatron. The shape of the underlying spectrum of cosmic rays would depend, however,
on the composition of accelerated particles as well as the composition of the target material.
Therefore, we cannot make definite conclusions without knowing the composition.
We shall first describe the typical impact of heavy nuclei on the resulting gamma-ray spec-
trum. For that purpose, we shall use a generic cosmic-ray spectrum that follows a power law in
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Figure 2: GeV-band gamma-ray spectra for various compositions of cosmic rays and ambient gas. The cosmic-ray
spectra follow Eq. 6.
momentum with an exponential cut-off,
NCR(pCR) = N0 p−sCR exp
(
− pCR
Z pc
)
, (5)
and set the spectral index to s = 2.2. The choice of a cut-off momentum reflects the expectations
that particle transport and acceleration scales with rigidity and hence with charge number, Z.
Here pc denotes the cut-off momentum for hydrogen nuclei. Equation 5 can be then rewritten in
total energy per nucleon, ECR, as
NCR(ECR) = N0 A−1.2 c1.2 ECR
(
E2CR − m2pc4
)−1.6
exp
(
−A
Z
ECR
Ec
)
, (6)
where we assumed the cut-off is at much higher energies than the rest mass and again A is the
atomic mass number.
In Figures 2 and 3 we separately show the resulting GeV-band and TeV/PeV-band gamma-ray
spectra calculated for the fiducial cosmic-ray spectrum (Eq. 6 with Ec = 50 TeV) for different
compositions of cosmic rays and ambient gas. We construct four scenarios with cosmic rays
and target material consisting of either exclusively Hydrogen or exclusively Carbon. The figure
shows the correct normalization of spectra for a fixed mass density of target material, hence
nT ∝ A−1, and a fixed number of cosmic rays in spectra starting at a fixed momentum. If the
particle spectrum started at a fixed total kinetic energy, there would be an additional scaling
factor N0 ∝ A(s−1)/2 = A0.6 (Pohl, 1993). As the number density of gas atoms falls off with mass
number, this assumption corresponds to an injection efficiency that is linear in A. The purpose
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of that assumption is to bring the curves closely together for better visualization of the spectral
differences.
In the GeV band we note from Figure 2 a substantial difference in the gamma-ray spectra
below 5 GeV for different types of cosmic rays and target material. As discussed in Section
2, the angular distribution of pi0 produced in H-C collisions is asymmetric, and many pions
are emitted co-moving with the fragmentation region of carbon nuclei. A detailed discussion
of the differences between H-H and H-C collisions can be found, for example, in Barr et al.
(2007). Therefore, more low-energy pions that result from, e.g., N? resonances are produced
almost at rest when the carbon nuclei serve as target. The bump at 200 MeV in the H-C curve
requires pions with Epi & 220 MeV which is commensurate with that expected from the decay
of the lowest nucleonic resonances. This enhancement is absent in the C-H case, where the
fragmentation region of carbon is boosted, moving most pions to higher energies. Furthermore,
the result is affected by nuclear medium effects such the widening of resonances, final state
interactions leading to intra-nuclear cascades and the Fermi motion of the nucleons inside the
nuclei that can shift the pion production threshold to lower energies. The same effect is observed
in the gamma-ray spectra of H-O collisions. Generally, heavy material will shift the peak in
the spectrum toward lower energies. We find a peak energy of 2.9 GeV for H-H interactions, as
opposed to 2.4 GeV for C-H, 2.0 GeV for H-C, and 1.8 GeV for C-C.
The most prominent feature is high flux of E . 500 MeV gamma rays for light projectiles
and heavy targets (H-C). This component would stand out, as it is much stronger than the non-
thermal bremsstrahlung emission that might appear with soft spectrum in this band and would
allow a determination of the magnetic-field strength in the remnant (Cowsik and Sarkar, 1980).
Although the systematic uncertainties in the spectral fitting of Fermi-LAT data below a few
hundred MeV can be substantial, the composition-related differences in the hadronic gamma-ray
spectra in the GeV band should offer a new avenue for the tomography of particle acceleration
in bright supernova remnants.
Recently, Brose et al. (2019a) showed that the volume-integrated particle spectrum in old
SNRs might feature a break at 10-100 GeV due to a rapid decrease of the maximum energy
reachable with shock acceleration at later times. Below the break energy the spectrum follows
the usual power law with index s = 2.0 resulting from diffusive shock acceleration, and above
that energy the power-law index is s ≈ 2.7. This spectral shape roughly corresponds to that
observed from old SNRs such as IC 443 and W44 (Ackermann et al., 2013). The location and
shape of the turnover in the gamma-ray spectrum depends on the break energy and spectral
index of the cosmic-ray spectrum and on the composition of the cosmic rays. For heavy nuclei
the maximum in the gamma-ray spectrum shifts to lower energies, i.e. the break energy in the
cosmic-ray spectrum corresponds to a lower energy in gamma-rays comparing to the gamma-ray
spectrum obtained in pp collisions.
In Fig. 3 we display gamma-ray spectra around the cut-off. The cosmic-ray spectrum again
follows Eq. 6 with cut-off energy EC = 50 TeV for protons and rigidity scaling for heavier
nuclei. For that choice we would observe the gamma-ray cut-off in the TeV band where imaging
atmospheric Cherenkov telescopes offer very high sensitivity over a wide spectral band. Apart
from the normalization there is little difference in the gamma-ray spectra for light and heavy
target material. However, we clearly observe a cut-off at lower gamma-ray energies for a heavy
composition of the cosmic rays that reflects the cut-off scaling in cosmic-ray energy per nucleon,
not the total energy of particles.
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Figure 3: TeV-band gamma-ray spectra for various compositions of cosmic rays and ambient gas. The cosmic-ray spectra
follow Eq. 6 with Ec = 50 TeV.
3.2. Neutrinos
Neutrinos are produced in the same hadronic interactions as gamma rays and often hailed
as smoking gun of hadron acceleration. Recently, the association of a 120-TeV neutrino with
a gamma-ray bright AGN led to considerable excitement (IceCube Collaboration et al., 2018)
and a flurry of modelling activity (e.g. Gao et al., 2019; Petropoulou et al., 2020). The very
low inelastic cross section of p-γ interactions and the high threshold energy, for pion production
by a proton and a 7-eV photon about 10 PeV, render p-γ interactions potentially dominant for
PeV-scale neutrino production in AGN, GRBs, or other sources of similarly high UV/X-ray
photon density (Kelner and Aharonian, 2008). In a variety of other sources, like supernova
remnants, generally in the Galaxy (Aartsen et al., 2017), or for TeV-scale neutrinos, nucleus-
nucleus interactions are likely the dominant source process for high energy neutrinos. Here we
only describe the neutrino yield in nucleus-nucleus interactions.
In high-energy hadronic interactions, the initial flavor ratio of neutrinos from pion decay is
νe : νµ : ντ = 1 : 2 : 0. The neutrino oscillation wavelength, λνν = (4piEν/∆m2)~c . 10−3 pc for
PeV neutrinos (Fogli et al., 2012), is short enough that the finite size of neutrino sources and the
finite energy resolution of detectors cause an observed ratio of 1:1:1, i.e. full mixing.
In Figure 4 we show neutrino spectra in the cut-off region for the same setup as was used to
calculate the gamma-ray spectra displayed in Figure 3. The spectra are propagated, i.e. fully
mixed. We also present the original source rates of νµ and νe for light composition. To be noted
from the figure is the small difference between the spectra for each flavor. Hence propagation
essentially only reduces the νµ flux by a factor 2. Also to be noted is that the neutrino spectrum
in the cut-off region shows the same behaviour as that in the gamma-ray spectrum. The cut-off
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Figure 4: TeV-band neutrino spectra for various compositions of cosmic rays and ambient gas. The cosmic-ray spectra
follow Eq. 6 with Ec = 50 TeV. Solid lines represent fully mixed neutrino spectra, i.e. (Q(νµ) + Q(νe))/3. For proton-
proton collisions we also plot as dotted and dashed lines the original production spectra for νµ and νe.
energy is a bit lower than that of the gamma rays, and the scaling with composition is virtually
identical.
3.3. Positrons
The multiplicity spectra and charge ratio of charged pions are substantially changed for heavy
elements on account for nuclear-medium effects and the presence of neutrons in the projectile
and target. In Figure 5 we display positron spectra that are calculated for the token cosmic-ray
spectrum shown in equation 6 for different compositions of the cosmic rays and target material,
as was done for gamma rays in the previous section. It is evident that for heavy projectiles we
observe relatively few positrons below 1 GeV, and the typical kinematic turnover at 200 MeV
exists only for pp collisions.
Secondary electrons and positrons are believed to make a substantial or even dominant con-
tribution to the synchrotron radio emission from starburst galaxies (see, e.g., Pohl, 1994; de Cea
del Pozo et al., 2009). For the magnetic-field strength typically estimated for the starburst cores,
B & 100 µG, radio emission below 1 GHz is produced by electrons or positrons at energies be-
low 1 GeV. Using pp reaction rates, Pohl (1994) demonstrated that the radio spectrum observed
from M82 could be as well explained assuming secondary electrons only as with conventional
primary electrons. The corresponding gamma-ray emission from hadronic interactions that one
would expect in the former scenario was later observed at the required level (Abdo et al., 2010).
In both cases a substantial opacity for free-free absorption was required. Naturally there are
substantial uncertainties in propagation models for starburst cores, arising from the unknown
diffusion properties and escape by advection in the wind, that can lead to some variation in the
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total particle spectrum of secondary electrons in M82. It remains obvious though that a heavy
elemental composition in the starburst core would at least lessen the need for a high free-free
opacity.
Figure 5: Positron production spectra for different composition of the cosmic rays and target material. The spectrum of
underlying cosmic-rays is assumed to follow Equation 6.
4. Applications to SNR
Massive stars undergo various evolutionary phases prior to their final explosion as a supernova,
therefore, the expanding shock wave will eventually interact with their pre-shaped circumstellar
medium. This particularly affects the elemental abundances of the remnant, which evolve time-
dependently as the shock wave expands into the progenitor’s surroundings (Sander et al., 2012;
Todt et al., 2015). Core-collapse SNRs are one of the possible channel of the circumstellar
evolution of high-mass stars, usually ending their lives during either a red supergiant (RSG) or
Wolf-Rayet (WR) phase of evolution. In this scenario, the remnant expands into the circumstellar
medium of the supernova progenitor, i.e. a blown-up wind bubble in the case of a static object,
whose composition is fixed by the (i) past surface properties of the progenitor and (ii) the internal
structure of the defunct star at the moment of the explosion. In this work, we consider four
different stellar surroundings: that of a RSG star and three other environments corresponding to
several types of WR stars, WN (Nitrogen rich), WO (Oxygen rich), and WC (Carbon rich). The
corresponding elemental abundances are listed in the Table 1 (Sander et al., 2012; Todt et al.,
2015; Dessart et al., 2017; Sander et al., 2019). We calculate the expected gamma-ray emission
for these four cases and compare it to the scenario in which a supernova blastwave expands into
the wind zone of a main-sequence massive star, i.e. a medium of typical ISM composition. For
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Components ISM RSG WN WO WC
Hydrogen 0.71 0.639 0.20 0.0 0.0
Helium 0.28 0.349 0.78 0.14 0.55
Oxygen 2.06e-3 5.41e-3 0.0 0.24 0.05
Nitrogen 0.0 3.1e-3 1.5e-2 0.0 0.0
Carbon 2e-3 1.42e-3 1e-4 0.62 0.4
Iron 4e-4 1.35e-3 1.4e-3 0.0 1.6e-3
Table 1: Mass fractions of certain elements assumed for the wind models considered here.
the sake of comparison, we keep the wind mass density constant when changing its composition,
hence, the dynamics of the blastwave is similar for all five cases while their emission properties
differ from each other.
4.1. Simulation setup
To calculate the gamma-ray emission from the SNR we use the code RATPaC (Radiation
Acceleration Transport Parallel Code) which is described in detail elsewhere (Sushch et al., 2018;
Brose et al., 2019a,b, and references therein). The code simultaneously solves the transport
equation for cosmic rays, the transport equation for magnetic turbulence, and the hydrodynamic
equations for the gas flow. The equations are solved time-dependently in one dimension under
the assumption of spherical symmetry. Hydrodynamic simulations of the shock evolution are
performed using the pluto code (Mignone et al., 2012) which is on-the-fly incorporated into
RATPaC. In this study, we are interested in describing the impact of the composition of the
ambient material on the resulting gamma-ray spectrum from the SNR, for which we can use a
simplified setup. Instead of solving the transport equation for magnetic turbulence we assume
Bohm diffusion in the vicinity of the shock.
To isolate the effect of elemental composition, we use the same hydrodynamic setup for all
five cases ignoring the differences in the wind parameters for the different types of star. For
the stellar wind we assume a mass-loss rate of M˙w = 3 × 10−5M/yr and a wind velocity of
Vw = 2500 km/s which are typical for a WR wind (Nugis and Lamers, 2000; Toala´ et al., 2015).
We also assume that the density in the wind zone decreases as 1/r2 with distance from the star,
i.e. the wind speed is constant as a function the distance to the star, and that the termination shock
of the circumstellar medium is distant enough – or equivalently the SNR sufficiently young – to
ensure that the supernova shock wave is still expanding into the unperturbed wind. We run our
simulations for 1000 years, after which the radius of the forward shock is 10.7 pc. The mass of
the swept-up stellar wind material is about 0.13 M.
We parametrize the circumstellar magnetic field with a 1/r profile,
B(r) = B∗
R∗
r
, (7)
where B∗ (= 10 G) is the magnetic-field strength at the surface of the star and R∗ (= 100R) is
the radius of the star, respectively. The magnetic field is assumed to be compressed at the shock
by a factor of
√
11 and passively transported downstream. To calculate the magnetic-field profile
downstream we solve the induction equation for ideal MHD.
For particle injection into diffusive shock acceleration we adopt the thermal leakage model
(Blasi et al., 2005), a parametrization that relates the number of particles to the population in
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the high-energy tail of the downstream Maxwellian. Above a certain injection momentum, pinj,
all particles are supposed to be able to cross the shock back to the upstream region for further
acceleration. The injection momentum is given as multiple of the thermal momentum, pinj =
ξpth, and the injection parameter is set to ξ = 4.2. Particles are injected at every time step at the
shock position with momentum pinj.
4.2. Results
To better than 10% accuracy the high-energy cosmic-ray spectra of different elements scale
with the total energy divided by the charge number, because that reflects the rigidity for rela-
tivistic particles. The scaling in the normalization of spectra is more complex than the simple
mass-number correction of the mass density in the gas fluid to the number density scaling relevant
for injection into shock acceleration, because most injected particles reside at low energies near
the injection energy. For the same injection energy, e.g. the same multiple of the downstream
temperature, kT , the injection rigidity scales with the mass number and the charge number as
R ∝ √A/Z.
In Figure 6 we show the expected gamma-ray spectra from an SNR that is 1000 years old and
expanding in five environments with different composition as detailed in Table 1. The underlying
cosmic-ray spectra reflect the entire acceleration history of the remnant and the properties of the
ambient medium. Particles enter the acceleration from the thermal pool passing through the
shock, and hence cosmic rays have the same composition as the target material.
The gamma-ray spectra are not normalized, and their amplitude reflects the impact of the
composition on the difference in normalization of the resulting gamma-ray emission. The large
difference in normalization compared to Figures 2 and 3 arises because plasma of fixed mass
density has a number density that inversely scales with the mass number of the dominant element.
The number density of cosmic rays scales with the number density of the plasma from which they
are accelerated. As a consequence, SNR evolving in a wind zone with heavy composition (WO,
WC, and WN) would generate fewer gamma-rays (Fig. 6). SNR evolving in a RSG wind produce
a similar gamma-ray spectrum as SNR expanding in a medium with ISM composition. The slight
difference in the H and He abundances does not significantly impact the spectra.
As already shown in Section 3.1, the cut-off energy of the gamma-ray spectrum shifts to lower
energies for heavier composition which can also be seen for the stellar-wind models we con-
sidered here (Fig. 6). This implies that the observed gamma-ray spectrum of an SNR would
correspond to a higher maximum energy of cosmic rays, if the cosmic rays are heavy nuclei,
potentially pointing to particles accelerated to PeV energies. However, the downside is that we
expect considerably fewer gamma-ray photons from heavy nuclei, which naturally makes the
detection harder. The forthcoming Cherenkov Telescope Array (CTA) has a significantly higher
sensitivity than current instruments and can potentially open a new window of opportunities in
this domain.
Similarly, at GeV energies, where the gamma-ray emission can be observed by the Fermi-
LAT, the impact of the composition on the shape of the low-energy turnover in observations
might be obscured by a significantly lower gamma-ray flux for heavier compositions. For SNRs
interacting with a dense medium the gamma-ray flux would still be high, and the knowledge of
the composition would be essential to properly interpret the spectra.
To be noted from Fig. 6 are the hard spectra above 30 GeV. They are not related to cosmic-ray
feedback or similar, but reflect the inner structure of the remnant that can not be reproduced with
simple one-zone models. TeV-scale cosmic rays have a larger mean free path than GeV-scale
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cosmic rays, and so they far more efficiently penetrate the interior of the remnant, where the
cosmic-ray spectrum is therefore unusually hard. In the deep interior the gas density is high
on account of the r−2 density profile in the progenitor’s freely-expanding stellar wind and so is
the gamma-ray emissivity. In total, very-high-energy cosmic rays radiate more efficiently than
GeV-band cosmic rays do.
Figure 6: Simulated gamma-ray spectra from a core-collapse SNR at an age of 1000 years for five stellar models with
different wind composition. The elemental abundances for these models are listed in Table 1.
5. Summary
Core-collapse SNRs evolve in the wind-blown bubbles of their progenitors. The elemental
composition of the circumstellar medium significantly depends on the type of the progenitor star.
For Wolf-Rayet stellar winds the ambient gas would be much heavier than for main-sequence or
RSG winds, featuring a high abundance of Carbon, Nitrogen and Oxygen.
We calculated the inelastic cross sections and production matrices for secondary gamma rays,
neutrinos, and electrons/positrons generated in hadronic interactions for heavy elements, namely
He, C and O, using the Monte-Carlo event generators DPMJET-III and UrQMD. We find that
the inelastic cross section does not simply scale with mass number and that there is a substantial
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change in the energy dependence of the cross section for heavy elements compared to, e.g.,
protons. Simulated cross sections and matrices are then used to calculate the hadronic gamma-
ray emission from core-collapse SNRs evolving in wind zones with different compositions. We
do not consider leptonic radiation processes in this paper.
Our simulations show that heavy elements among cosmic rays and in the ambient medium
substantially change the resulting spectrum of gamma-rays in SNRs. For the same injection
efficiency into diffusive shock acceleration and a given mass density of gas passing through a
shock, cosmic rays of heavy composition are fewer, and so they produce a low gamma-ray flux.
Below 3 GeV, the spectral peak and the shape of the turnover in the gamma-ray spectrum strongly
vary with the composition of both the cosmic rays and the ambient medium. This complicates
the search for the nonthermal bremsstrahlung component at energies between 100 MeV and
300 MeV. Nevertheless, precise measurements of the gamma-ray emission of the hadronic origin
from SNRs can potentially be used to probe the elemental composition of their environments.
One the high-energy side of the gamma-ray spectrum, the maximum photon energy decreases
with heavier composition for a rigidity scaling of the underlying spectrum of cosmic rays. This
implies that for a heavier composition the observed gamma-ray spectrum from an SNR would
reflect a higher maximum energy of cosmic rays. Besides, the fewer gamma rays emitted by
SNRs evolving in a wind zone with heavy composition would also make them harder to detect.
Our results for SNRs can be extrapolated to, e.g., gamma-ray production in binary systems
with colliding winds or run-away star. For the former, Wolf-Rayet stars were suggested to be
promising targets (Reimer et al., 2006), but the estimates of the gamma-ray flux were made as-
suming ISM composition. Consequently, for realistic Wolf-Rayet wind compositions the lumi-
nosity estimates have to be reduced by a factor of a few. For run-away stars, the wind-termination
shock was identified as dominant particle accelerator, but the shocked ISM is the most impor-
tant target material for hadronic gamma-ray production (del Valle and Pohl, 2018). Care must
be exercised to properly account for the composition of the wind material, and more so on the
efficiency of diffusive transport from the shocked wind to the shocked ISM. A similar transport
issue arises for old core-collapse SNR, in which particles accelerated in the Wolf-Rayet wind
zone propagate to the outer shell of red-supergiant or main-sequence wind material that has solar
composition.
We also studied the effect of heavy nuclei on the production of neutrinos and positrons. In
contrast to protons, heavy cosmic rays produce relatively few secondary positrons below 1 GeV
and hence do not contribute to the synchrotron radio emission below 1 GHz. This is particularly
relevant for starburst galaxies like M82, for which the bulk of the radio synchrotron emission
may be produced by secondary electrons.
The cross sections and multiplicity matrices will be made available upon request.
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